Electrophysiological properties of pacemaker potentials recorded from myenteric interstitial cells of Cajal (ICC-MY) within the guinea-pig gastric antrum are reviewed briefly. Pacemaker potentials consist of two components, a primary component forming a transient depolarization with a rapidly rising initial phase, followed by a secondary component as a plateau with sustained depolarization. 
permeable channels. The plateau component is inhibited by low [Cl - ]o solution or DIDS, an inhibitor of Ca 2+ -activated Cl --channels, suggesting that this component is formed by Ca 2+ -activated Cl --currents. Reduction of Ca 2+ release from internal stores by inhibiting the internal Ca-pump with cyclopiazonic acid results in a shortened duration of the plateau component, with no alteration in the rate of rise of the primary component. 2-APB, an inhibitor of the IP3-receptor mediated Ca 2+ release from internal stores, abolishes pacemaker potentials, suggesting that the release of Ca 2+ from internal IP3-sensitive Ca 2+ stores is required for generation of pacemaker potentials. CCCP, a mitochondrial protonophore, depolarizes the membrane and abolishes pacemaker potentials, suggesting that mitochondrial Ca 2+ handling functions may be coupled with generation of pacemaker potentials. These results indicate that the two components of pacemaker potentials are generated by different mechanisms; the primary component may be produced by activation of voltage-dependent Ca 2+ -permeable channels, while the plateau component may be produced by the opening of Ca 2+ -activated Cl --channels. It is hypothesized that pacemaker potentials are initiated by depolarization of the membrane due to generation of unitary potentials in response to mitochondrial Ca 2+ handling. Activation of voltage-dependent Ca 2+ influx, IP3-receptor mediated Ca 2+ release from the internal stores and Ca 2+ -activated Cl --channels may be involved as successive steps downstream to the generation of unitary potentials.
Introduction
It is over 20 years since Thuneberg (1982) considered that interstitial cells of Cajal (ICC) distributed in the myenteric region (ICC-MY) of the mouse small intestine may be the pacemaker cells for intestinal movement, since these cells were rich in mitochondria and had close contact with surrounding ICC and smooth muscle cells. ICC are of mesenchymal origin and are triangularly shaped or stellate-shaped cells with long processes (Thuneberg, 1982) . ICC express Kit immunoreactivity and form gap junctional connections with each other and with surrounding smooth muscle cells (Torihashi et al., 1995; Komuro et al., 1996; Sanders, 1996; Huizingar et al., 1997; Sanders et al., 1999) . Maeda et al. (1992) found that if the expression of tyrosine kinase receptors was inhibited with Kit antibody (ACK2), the development of interstitial cells was prevented, with the result that there were associated serious disorders in the movement of the mouse ileum. Ward et al. (1994) showed that in the c-Kit neutralized mouse ileum there is a causal relationship between the absence of developed ICC and the disappearance of spontaneous generation of slow waves. They proposed that ICC are important in the initiation of the rhythmic activity of the gastro-intestinal smooth muscle. Similar results were also obtained with W/W V mice which have lost the c-kit gene due to genetic mutation (Huizinga et al., 1995; Ward et al., 1997; Ördög et al., 1999) . This confirms the idea originally proposed by Thuneberg (1982) that the ICC were the pacemaker cells of gastrointestinal smooth muscle.
Immuno-histochemical studies have revealed that there are many types of ICC distributed in the gastrointestinal wall, such as the myenteric ICC (ICC-MY), the intramuscular ICC (ICC-IM), the deep muscular plexus ICC (ICC-DMP) and the submucosal ICC (ICC-SM). Each of these populations appears to have different specific physiological roles or functions (Sanders, 1996; Komuro et al., 1996; Sanders et al., 1999) . The ICC-MY are considered to pace the spontaneous activity of gastrointestinal smooth muscle cells. The ICC-IM and ICC-SM are also reported to function as local pacemaker cells which are able to produce region-specific activity in the gastrointestinal tract (Langton et al., 1989; Sanders, 1996; Suzuki, 2000; Dickens et al. 2001) . The ICC-IM that are distributed in the smooth muscle layers of the esophagus, stomach, colon and the sphincters are considered to be important as the mediators of neuro-muscular transmission from enteric nerves (Burns et al., 1996; Sanders et al., 1999; Ward and Sanders, 2001; Hirst and Ward, 2003) . The ICC-DMP distributed in the deep muscular plexus of the small intestine are also thought to be involved in neurotransmission from enteric motor nerves Ward and Sanders, 2001) .
In isolated smooth muscle segments from the antrum region of the guinea-pig stomach, the circular smooth muscle produces rhythmic oscillatory potentials, called slow waves (Kuriyama, 1970) . In spite of extensive study, however, the cellular and ionic mechanisms involved in the generation of slow waves have remained unresolved (Tomita, 1981) . Direct evidence indicating that ICC-MY are indeed pacing smooth muscle activity was first demonstrated by Dickens et al. (1999) . These workers demonstrated that in isolated antrum muscle of the guinea-pig stomach, driving potentials (equal to pacemaker potentials) recorded from ICC-MY preceded both the slow waves and the follower potentials recorded from circular and longitudinal smooth muscle cells, respectively. The pacemaker potentials recorded from ICC-MY show properties different from the potentials generated in gastric smooth muscle cells, and thus we will briefly review the electrophysiological properties of pacemaker potentials recorded from the guinea-pig stomach.
Morphological and Physiological Properties of ICC in Gastric Tissues
Two types of ICC are found in the guinea-pig gastric antrum, namely ICC-MY and ICC-IM (Burns et al., 1997) . Both ICC-MY and ICC-IM express Kit receptors on their cell membrane and can be identified by ACK2 (neutralizing Kit antibody) (Torihashi et al., 1995; Komuro et al., 1996; Burns et al., 1997) . ICC-MY have triangular or irregularly shaped cell bodies with multiple processes which interconnect to form a dense network with other ICC-MY (Burns et al., 1997; Dickens et al., 1999) . Intracellular recordings made from the guinea-pig gastric antrum revealed a rhythmic generation of pacemaker potentials with a fast rising phase followed by plateau components, slow waves with triangular form and square shaped follower potentials, each from ICC-MY, circular and longitudinal smooth muscle, respectively (Dickens et al., 1999) . The amplitude and maximum rate of rise (dV/dtmax) of pacemaker potentials are larger than those of either slow waves or follower potentials, while the frequency and duration of pacemaker potentials and potentials recorded from smooth muscle cells are similar (Dickens et al., 1999 (Dickens et al., , 2000 Hirst and Edwards, 2001; Kito and Suzuki, 2003b) . Simultaneous recordings of the electrical responses from ICC-MY and smooth muscle cells show that pacemaker potentials appear prior to slow waves or follower potentials, suggesting that the signals are generated in ICC-MY and are propagated to smooth muscle cells, possibly through gap junctions (Dickens et al., 1999; Hirst and Edwards, 2001 ). Thus, the potentials produced in the smooth muscle cells are largely passive, as an electrotonic potential of the pacemaker potentials. The difference between the active and passive properties of the potential is apparent when the membrane is hyperpolarized by a group of chemicals which open ATP-sensitive K + -channels (K-channel openers), in that the amplitude of the pacemaker potentials is increased while that of the slow waves is decreased. The latter is due to inhibition of the first component, probably because the decrease of input resistance induced by hyperpolarization decreases the amplitude of the passive electrical responses (Kito and Suzuki, 2003b) . On rare occasions, discharges of membrane noise (unitary potentials) are generated during the interval between pacemaker potentials Kito et al., 2002b) . The frequency of the generation of unitary potentials increases with time after the cessation of the pacemaker potentials, suggesting that depolarization of the membrane due to summation of unitary potentials then triggers pacemaker potentials Kito et al., 2002b) . Pacemaker potentials recorded from ICC-MY in the mouse gastric antrum also showed properties similar to those of the guinea-pig stomach (Hirst et al., 2002b) . Immuno-histochemical studies have shown that the density of ICC-MY is highest in the greater curvature, while the population is reduced successively towards the lesser curvature and that they are either absent or distributed very sparsely in the lesser curvature (Hirst et al., 2002b) .
In contrast to ICC-MY, the ICC-IM are spindle shaped cells with bipolar processes that run parallel to the direction of the smooth muscle cells (Burns et al., 1997; Dickens et al., 2001; Hirst et al., 2002b) . In isolated bundles of the circular smooth muscle layer of the mouse gastric antrum, transmural nerve stimulation evokes two types of inhibitory junction potentials (IJP), both fast-IJP and slow-IJP, with a following depolarizing excitatory junction potential (EJP). Since atropine and N ω -nitro-L-arginine (nitroarginine) inhibit the EJP and slow-IJP, respectively, it is likely that the former is generated in response to released acetylcholine and the latter is generated by the release of nitric oxide . On the other hand, the EJP and slow-IJP are absent in the antrum region of W/W V mice which lack ICC-IM. Therefore, ICC-IM may be transducing both cholinergic and nitrergic nerve signals to circular smooth muscle cells in the mouse gastric antrum . Similar results are also obtained in smooth muscle isolated from the fundus region of W/W V mutant mice and steel mutant mice (Burns et al., 1996; Beckett et al., 2002) . In contrast to ICC-IM, ICC-MY seem to lack an inhibitory innervation, since slow-IJP cannot be generated by transmural nerve stimulation of ICC-MY (Dickens et al., 2000) . In addition, the second component of the slow waves is absent in the gastric antrum of W/W V mice, suggesting that this component is generated by ICC-IM, rather than by circular muscle cells (Dickens et al., 2001) . Furthermore, it has been reported that the second component of slow waves is generated by activation of Ca 2+ activated Cl --channels (Hirst et al., 2002a) . A recent study has suggested that in the guinea-pig gastric antrum, the initiation of slow waves precedes the generation of pacemaker potentials during stimulation of cholinergic nerves. These results raise the possibility that vagal stimulation shifts the origin of pacemaker activity from the ICC-MY to the ICC-IM (Hirst et al., 2002c) .
In the canine gastric antrum, a group of ICC is found within the septae (ICC-SEP) between circular muscle bundles (Horiguchi et al., 2001) . ICC-SEP have a morphology similar to the bipolar shape of ICC-IM. However, ICC-SEP run along the surface of smooth muscle bundles, traverse from one muscle bundle to another, and form gap junctions with neighboring smooth muscle cells (Horiguchi et al., 2001; Horiguchi et al., 2003) . In tissue with attached ICC-SEP, slow waves are generated in interior circular smooth muscle strips without ICC-MY (Horiguchi et al., 2001) . It is likely that ICC-SEP normally transfer the pacemaker activity generated in ICC-MY into more distant bundles of circular smooth muscle, and function very much like Purkinje fibers in cardiac muscle (Hirst, 2001 ). However, since slow waves could be generated even in preparations with no attached ICC-MY, it is reasonable to consider that ICC-SEP could work as pacemaker cells when ICC-MY are absent from the preparations (Horiguchi et al., 2001 ). In addition, morphological studies suggest that ICC-SEP are closely associated with varicose processes of enteric motor neurons (Horiguchi et al., 2003) , suggesting that ICC-SEP have a role in the mediation of enteric neurotransmission.
Configuration of Gastric Pacemaker Potentials
Pacemaker potentials recorded from ICC-MY of the guinea-pig gastric antrum have two components, a primary component and a plateau component. (Kito et al., 2002a; Kito and Suzuki, 2003a) . The level of the plateau component is around -20 mV, which is close to the equilibrium potential for Cl -(ECl, Aickin and Brading, 1982; Large and Wang, 1996) . Therefore, it is likely that the primary and plateau components of pacemaker potentials are generated by activation of voltagedependent Ca 2+ -permeable channels and Ca 2+ -activated Cl --channels, respectively (Kito et al., 2002a; Kito and Suzuki, 2003a) . The primary component may be generated by activation of voltage-dependent T-type Ca 2+ -channels, since Ni 2+ decreases the maximum rate of rise (dV/ dtmax) of pacemaker potentials (Tomita et al., 1998) . However, there is no direct evidence indicating which type of ion channel is involved in the generation of the primary component of the pacemaker potentials. Depolarization of the membrane with high-K solution abolishes the primary component, leaving the ongoing generation of only the plateau component. The spontaneously generated pacemaker potentials which have the plateau component alone in the depolarized condition can be abolished by CPA (Kito et al., 2002a) . These results suggest that the primary and plateau components have a different voltage sensitivity, and that each could be generated separately, possibly involving different mechanisms.
In the guinea-pig gastric ICC-MY, caffeine (3 mM) inhibits the plateau component of the pacemaker potentials, with no alteration to the primary component Kito et al., 2002a) . Application of either forskolin (a direct activator of adenylate cyclase) or papaverine (a non-selective phosphodiesterase inhibitor) for a short period of time again abolishes the plateau component, with little alteration to the primary component (Kito et al., 2002a) . In addition, both SNAP (an NO donor) and 8Br-cGMP (membrane permeable cGMP) inhibit the plateau component without changing the primary component (Kito et al., 2002a) . Thus, cyclic nucleotide-related compounds seem to selectively inhibit the plateau component of the pacemaker potentials. Pacemaker potentials are abolished by either BAPTA-AM (an intracellular Ca 2+ chelator) or CCCP (a mitochondrial protonophore) (Kito et al., 2002a; Kito and Suzuki, 2003a) , suggesting that intracellular Ca 2+ handling mechanisms, possibly occurring in mitochondria, are involved in the initiation of pacemaker potentials Fukuta et al., 2002) .
Intracellular Mechanisms Involved in the Generation of Pacemaker Potentials
In the guinea-pig gastric antrum, sodium nitroprusside (SNP, an NO donor) increases the frequency of pacemaker potentials (Kito and Suzuki, 2003a) . These excitatory actions of SNP are not inhibited by ODQ (an inhibitor of guanylate cyclase), suggesting that cGMP is not involved. In the presence of either forskolin or DIDS, pacemaker potentials are abolished, and addition of SNP to the quiescent tissue evokes the generation of pacemaker potentials with the primary component alone (Kito and Suzuki, 2003a) . Therefore, it is likely that SNP exerts its excitatory effects on pacemaker potentials by facilitating the generation of the primary component. During the recovery following the inhibition of pacemaker potentials with either forskolin or SNP, the primary component appears first, often with the generation of a repetitive firing, before the complete recovery of the plateau component. These results raise the possibility that the repetitive firing of primary components triggers the generation of the plateau component by releasing Ca 2+ from internal stores through elevated production of IP3 (Somlyo and Somlyo, 1994; Hirst and Edwards, 2001) . It has been reported that slow potentials recorded from isolated bundles of the circular smooth muscle layer of the guinea-pig gastric antrum are inhibited by caffeine, CPA, 2-APB (an inhibitor of IP3-induced Ca 2+ release), DIDS or 9-AC (a blocker of Cl --channels) Fukuta et al., 2002; Hirst et al., 2002a) , suggesting that slow potentials are generated by activation of Ca 2+ -activated Cl --channels in response to the release of Ca 2+ from IP3 sensitive internal stores. This idea may be supported by the evidence that in IP3-receptor (type-1) knock-out mice, gastric smooth muscle cells fail to produce slow waves . These results suggest that the release of Ca 2+ from IP3-sensitive internal stores is required for the generation of rhythmic electrical activity in gastric smooth muscle. Similarly, the plateau component of pacemaker potentials is inhibited by caffeine, CPA, 2-APB or DIDS Kito et al., 2002a; Kito and Suzuki, 2003a) . Therefore, it seems likely that the IP3 produced during the generation of the primary component triggers the generation of the plateau component by releasing Ca 2+ from internal stores and that this then activates Ca 2+ -activated Cl --channels. Facilitated production of IP3 during depolarization is also reported in smooth muscle and other tissues (Ganitkevich and Isenberg, 1993; Mason and Mahaut-Smith, 2001 ), although the detailed cellular mechanism remains unclear. The duration of the primary component (about 1 s) is comparable to the time required for the production of IP3 in response to stimulation with agonists (Somlyo and Somlyo, 1994) . Interestingly, the increase in the interval between pacemaker potentials is associated with an increase in the duration of the pacemaker potentials ). These results raise the possibility that the internal Ca 2+ stores are refilled in the interval between pacemaker potentials, and therefore the amount of Ca 2+ taken up into the stores would be a function of the duration of the pacemaker potentials. If this is the case, the duration of pacemaker potentials may be parallel to the amount of Ca 2+ released from internal stores. The excitatory actions of SNP on the pacemaker potentials are not modulated by CPA. However, pacemaker potentials with a plateau component are changed to a transient form with a frequency which is increased to a burst type by BAPTA-AM (Kito and Suzuki, 2003a) . In the presence of either IAA (an inhibitor of glycolysis, Ogino et al., 1999) or CCCP, pacemaker potentials are abolished, and additional application of SNP elicited only a transient generation of pacemaker potentials (Kito and Suzuki, 2003a) . These results suggest that SNP releases Ca 2+ from mitochondria and elicits a transient excitatory pacemaker action on ICC-MY. Excitatory actions on pacemaker potentials similar to that of SNP are also evoked when ICC-MY are exposed either to divalent ions such as Ni 2+ and Co 2+ or to aminoglycosides (Kito and Suzuki, 2003a) , each of which is known to modulate mitochondrial function (Bernard, 1999) . The precise mechanism for the SNP-induced Ca 2+ release from mitochondria remains unclear. The unitary potentials generated in the ICC-MY during the interval between pacemaker potentials have similar characteristics to those recorded from isolated circular smooth muscle bundles of the guinea-pig gastric antrum (Edwards et al., 1999; Hirst and Edwards, 2001; Hirst et al., 2002a; Kito et al., 2002b) . Unitary potentials recorded from both ICC-MY and circular smooth muscle cells show identical electrophysiological properties such as their amplitude, duration, frequency spectral characteristics and sensitivity to BAPTA-AM (Edwards et al., 1999; Hirst and Edwards, 2001; Kito et al., 2002b) . It is likely that in both cell types, unitary potentials are generated by activation of Ca 2+ -activated Cl --channels (Hirst et al., 2002a; Kito et al., 2002b) . In view of this evidence, the following mechanisms are considered to be involved in the generation of pacemaker potentials (Fig. 1) -sensitive enzymes such as phospholipase C and results in an increased production of IP3. (4) IP3 releases a large amount of Ca 2+ from the internal stores, instantaneously, and this will activate Ca 2+ -activated Cl -channels distributed in the plasma membrane to depolarize the membrane forming the plateau component of the pacemaker potentials.
Cl
--channels in the plasma membrane to depolarize the membrane and form the plateau component.
Pathophysiology of ICC-MY in Gastric Tissues
Numerous studies have suggested that abnormal gastrointestinal motility is associated with a loss or reduction of ICC, which causes a variety of gastrointestinal motility disorders in humans Vanderwinden and Rumessen, 1999; Huizinga, 2001) . ICC-IM are markedly altered and reduced in number in infantile hypertrophic pyloric stenosis, which is characterized by a markedly delayed gastric emptying and hypertrophy of the circular muscle layer of the pylorus (Vanderwinden and Rumessen, 1999; Huizinga, 2001) . Loss or reduction of ICC is also reported in idiopathic gastric perforation (Huizinga, 2001) . Slow waves with abnormal form are recorded from patients with gastroparesis (Vanderwinden and Rumessen, 1999) . In diabetic animal models, both ICC-MY and ICC-IM are greatly reduced in the stomach (Ördög et al., 2000) , which may be causally related to the impaired generation of slow waves and excitatory and inhibitory junction potentials (Xue and Suzuki, 1997; Takano et al., 1998; . Studies of gastric motor dysfunction will facilitate the understanding of the physiological roles of ICC, and may provide new interventions such as new pharmacological agents or genetic diagnosis (Takayama et al., 2002) for the treatment of gastric motor disorders.
Conclusion
Pacemaker potentials recorded from ICC-MY distributed in the antrum region of the guineapig stomach reveal two components, a transient potential with a rapid rate of rise in the initial phase (primary component) followed by a sustained depolarization phase (plateau component). The primary and plateau components may be produced by activation of voltage-dependent Ca 2+ -permeable channels and Ca
2+
-activated Cl --channels respectively. The rhythmic activity may be initiated by local changes in the Ca 2+ concentrations handled by mitochondria, and IP3-receptor mediated release of Ca 2+ from internal stores follow downstream to the mitochondrial events. The cellular mechanism for the generation of pacemaker potentials in ICC-MY is likely to be identical to that for the generation of slow potentials in circular smooth muscle cells, and the summation of unitary potentials may form the primary component.
